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A merger mystery: no extended radio emission in the merging 
cluster Abell 2146 
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ABSTRACT 

We present a new 400 ks Chandra X-ray observation and a GMRT radio observation at 
325 MHz of the merging galaxy cluster Abell 2146. The Chandra observation reveals de- 
tailed structure associated with the major merger event including the Mach M = 2.1 ±0.2 
bow shock located ahead of the dense subcluster core and the first known example of an up- 
stream shock (M = 1.6 ±0.1). Surprisingly, the deep GMRT observation at 325 MHz does 
not detect any extended radio emission associated with either shock front. All other merg- 
ing galaxy clusters with X-ray detected shock fronts, including the Bullet cluster, Abell 520, 
Abell 754 and Abell 2744, and clusters with candidate shock fronts have detected radio relics 
or radio halo edges coincident with the shocks. We consider several possible factors which 
could affect the formation of radio relics, including the shock strength and the presence of a 
pre-existing electron population, but do not find a favourable explanation for this result. We 
calculate a 3(7 upper limit of 13 mJy on extended radio emission, which is significantly below 
the radio power expected by the observed P ra dio — Lx correlation for merging systems. The 
lack of an extended radio halo in Abell 2146 maybe due to the low cluster mass relative to the 
majority of merging galaxy clusters with detected radio halos. 
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1 INTRODUCTION 

Galaxy clusters are formed through gravitational infall and merg- 
ers of smaller subclusters, which collide at velocities of several 
thousand km s . The total kinetic energy of these mergers can 
reach > 10 64 erg, a significant fraction of which is dissipated by 
shocks and turbulence over th e merger lifetime (for a review see 
Mar kevitch & Vikhlininl 120071) . Shocks and turbulence generated 
by the merger are also expected to amplify cluster magnetic fields 
and accelerate relativistic particles. These non- thermal phenom- 
ena have been revealed through the detecti on of Mpc-scale syn- 
chrot r on radio halos (for recent reviews see iFeretti & Giovaiuunil 
120081: iFerrari et alj|2008l) and inverse-Compton hard X-ray emis - 
sion (eg. iFusco-Femiano et al. I l2005l but see also IWik et al.| [2009>. 



* E-mail: helen.russell@uwaterloo.ca 



Major mergers can also produce observable separations between 
the intracluster medium (ICM), which represents the bulk of the 
baryons, and the dark matter halo. The combination of X-ray and 
gravitational lensing studies of these clusters has produ ced the most 
striki ng evidence for the existence of dark matter (eg. Iciowe et al.l 
l2004h . 

Shock fronts provide a key observational tool in the study 
of merging systems. They can be used to determine the veloc- 
ity and kinematics of the merger and to study the conditions an d 
transport processes in the ICM (eg. lMarkevitch & Vikhlininll2007r) . 
Shock fronts are detected as sharp discontinuities in X-ray surface 
brightness maps and, with spatially resolved spectroscopy, provide 
a method for measuring the gas velocities in the plane of the sky. 
While many clusters are found to have shock -heated regions (eg. 
lHenrv&Brieilll995l : iMarkevitch et al.lll996t> . the detection of a 
sharp density edge and an unambiguous temperature jump is rare 
and only a handful of shock fronts are currently known (the Bullet 
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Figure 1. Left: Exposure-corrected image in the 0.3-7.0 keV energy band smoothed with a 2D Gaussian o~ = 1.5 arcsec (North is up and East is to the left). 
Centre: Unsharp-masked image created by subtracting images smoothed by 2D Gaussians with a = 5 and 20 arcsec and dividing by the sum of the two images. 
Point sources were removed before unsharp-masking. Note that a point source has been removed at the NE end of the bow shock. Both left and centre images 
are 5.5 x 5.5 arcmin. Right: Chandra image smoothed with a 2D Gaussian a = 1.5 arcsec. GMRT 325 MHz contours are superimposed with levels drawn at 
[—1, 1,2,4,8, .. .] x 4o", m! . Negative contours are shown by the dotted lines. The beam size is 9.3 arcsec x 8.1 arcsec and is shown in the bottom left corner. 



cluster, iMarkevitch et al.ll2002t Abell 5 20, IMarkevitch etalfeoOSj; 
two i n Abell 2146. iRussell et al]l20ld: Abell 754. iMacario et all 
|2011| and Abell 2744, l0wers et al.ll201ll) . 

All merging galaxy clusters with X-ray detected shock fronts 
also contain large, diffuse radi o halos covering ~ 1 Mpc in size 
(eg. iFeretti & Giovann ini 2008). Due to synchrotron and inverse- 
Compton losses, the relativistic electrons have relatively short life- 
times, only 10 7 — 10 8 yr, which is significantly shorter than the 
diffusion time necessary to cover their observed extent. Therefore, 
a mechanism is required that pr oduces loca l particle acceleration 
over the whole cluster volume dJaffelll977l) . The possibilities in- 
clude 'primary' models, where a pre-existing electron population 
is reaccelerated by turbulence or shocks (eg. iBrunetti et al Jl200ll ; 
|Petrosianll200lh . and 'secondary' models, which rely on the con- 
tinuous injection of relativistic electrons by hadronic co llisions be- 
tween thermal ions and cosmic rays (eg. lDennisonlll980h . 

The observed correlations between extended radio emission 
and cluster mergers favour electron reacceleration model s (eg. 
lBuotell200ll ; IFeretti et al]|2004 IFeretti & Giovanninil 120081) . Re- 
cent observations suggest that radio halos ar e likely generated by 
turbulent processe s induced by a merger (eg. iBrunetti et al.ll2008l : 
iDolag et al.ll2008l) and radio relics, which are elongated structures 
located in the cluster outskirts, may be prod uced by Fermi-I dif - 
fusive shock accelera tion of ICM electrons dEnsslin et al.lll998T) . 
Kesh et & Loebl l201fj) proposed a hadronic model where magnetic 
fields ar e amplified by mergers and produce radio halos. However, 
recently iBonafede et al.l ( 1201 II) found no difference in fractional 
polarization properties between clusters with and without halos im- 
plying there no difference in the magnetic fields between the two. 

In this Letter, we present results from a deep Chandra obser- 
vation of the merging cluster Abell 2146 and a GMRT radio ob- 
servation at 325 MHz, which was aimed at detecting any extended 
radio emission. We assume Hq = 70 km s Mpc -1 , Q, m = 0.3 and 
£2a — 0.7, translating to a scale of 3.7 kpc per arcsec at the redshift 
z = 0.234 of Abell 2146. All errors are lo" unless otherwise noted. 



2 CHANDRA X-RAY OBSERVATIONS 

Abell 2146 was observed with the Chandra ACIS-I detector for a 
total of 377 ks split into eight separate observations between Au- 
gust and October, 2010. These new observations were combined 
with t he archival ACIS-S observations, 42.1 ks, taken in April, 
2009 jRussell et alj|2010h . All dat asets were reprocess ed follow- 
ing the standard methods detailed in lRussell et al.l d2010t) and using 
CIAO 4.3 and CALDB 4.4.0 provided by the Chandra X-ray Cen- 
ter. There were no major flares in any of the observations of Abell 
2146 producing a final exposure of 418 ks. The cleaned events files 
were reprojected to the position of the obs. ID 12245 dataset. 

Fig. Q] (left) shows an exposure-corrected X-ray image pro- 
duced by combining all of the individual datasets. The X-ray mor- 
phology reveals a major merger where a subcluster containing a 
dense, cool core has recently passed through the centre of the pri- 
mary cluster. The cluster gas is extended along the merger axis from 
the NW core collision site to the subcluster which is travelling to- 
wards the SE and disintegrating under ram pressure. The leading 
and SE edges of the subcluster core form a narrow, continuous cold 
front with a sharp density jump of a factor of ~ 3. In contrast, the 
deep Chandra observations have revealed complex structures in the 
tail of stripped gas from the subcluster core, including what appear 
to be developing Kelvin-Helmholtz (K-H) instabilities along the 
NW edge. There is also an extended cool plume of emission to the 
SW from the subcluster tail, ~ 45 arcsec in length, which appears 
perpendicular to the merger axis. 

The two shock fronts, reported in iRussell et al.l d2010l) . are 
clearly visible in the unsharp-masked image (Fig. [T] centre) as 
surface brightness edges to the NW and SE. The SE edge corre- 
sponds to the bow shock, which has formed ahead of the subcluster 
core, and can now be traced over ~ 500 kpc in length. The NW 
edge corresponds to the upstream shock which has formed in the 
wake of the subcluster's passage through the primary cluster core 
and is travelling in the opposite direction to the bow shock. By 
measuring the gas density and temperature on either side of each 
shock front and applying the Rankin e-Hugoniot shock jump con- 
ditions (eg. lLanda u & Lifshitz 195^), we calculated the respective 
Mach numbers M = v/c s , where v is the velocity of the preshock 
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gas with respect to the shock surface and c s is the velocity of 
sound in that gas. At the bow shock, the density drops by a fac- 
tor P2/P1 = 2.4 ±0.2 which gives a Mach number M = 2.1 ±0.2. 
For the upstream shock, the density decreases by P2/P1 = 1.8±0.2 
producing M = 1.6 ±0.1. The shock fronts are confirmed by the 
detection of unambiguous decreases in the gas temperature coinci- 
dent with the density drops. By using the bow shock velocity and 
estimating the distance between the subcluster core and the pri- 
mary cluster centre, we can calculate the time since the subcluster 
passed through the primary cluster core. For a bow shock velocity 
v = 2800^3qq km s -1 and an estimated distance of ~ 350 kpc, the 
time since core passage is ~ 0.1 — 0.2 Gyr. This is likely to be an 
underestimate of the timescale as th e subcluster velocity is p resum- 
ably lower than the shock velocity dSpringel & Farrarll l2007). 

The deep Chandra observation of Abell 2146 presented here 
will be analysed in detail in a future paper (Russell et al. in prep). 



3 GMRT OBSERVATIONS 

GMRT radio continuum observations at 325 MHz of Abell 2146 
were carrie d out on August 22, 2010. The GMRT software back- 
end (GSB; iRov et alj[20ich was used in spectral line mode with 
512 channels, 4 s integration time per visibility and recording RR 
and LL polarizations. The total on source time was 5.7 hr. The 
data were reduced with the NRAO Astronomical Image Process- 
ing System (AIPS) package. The data were visually inspected for 
the presence of radio frequency interference (RFI) and malfunc- 
tioning antennas. The visibilities were then calibrated for the band- 
pass response of the antennas using the calibrator source 3C286. 
A few channels at the edge of the band were discarded as they 
were too noisy. This was followed by a standard gain calibration 
using 3C286 and the phase calibrat or 1634+627. The flux density 
of 3C286 w as set acco rding to the IPerlev&Tavlorld 19991) exten- 
sion to the lBaars et alj d 19771) scale. 

For Abell 2146, a m odel of the surround ing field was created 
using the NVSS survey dCondon et al.lll998l) . A phase-only self- 
calibration against this model was carried out to improve the astro- 
metric accuracy, followed by three rounds of phase self-calibration 
and two final rounds of amplitude and phase self-cal ibration. To 
produce the images, we used the polyhedron method JPerlevll989l ; 
ICornwell & Perlevll 19921) to minimize the effects of non-coplanar 
baselines. The final ima ge was made using robust weighting (ro- 
bust = -1.5,|Briggs 1995) and manually placed clean-boxes, giving 
a beam of 9.3 arcsec x 8. 1 arcsec. The rms noise in this image mea- 
sured in a region free of strong sources is 92,liJy beam -1 . 

Fig. [3 (right) shows the Chandra X-ray observation overlaid 
with high resolution GMRT 325 MHz radio contours. Two previ- 
ously known unr esolved radio point sources, which coincide with 
cluster galaxies (AMI Consortium et al. 20 lj]), were observed but 
no extended radio emission was detected. The NW point source 
has a flux of 93 ± 9 mjy and is associated with a galaxy in the 
primary cluster. The SE point source, flux 47 ± 5 mjy, is coin- 
cident with the subcluster BCG and an X-ray point source de- 
tected in a hard energy band 4 — 7 keV. Using the 325 MHz flux 
and the NVSS flux at 1.4 GHz, we determine the spectral index, 
a, for the NW point source is a = -0.57 ± 0.07 and for the SE 
source is a — —0.77 ±0.08, where F <x v a . A lower resolution 
GMRT image (rms noise 278/iJy beam -1 ), with a resolution of 
20 arcsec x 20 arcsec, does not show any additional emission. Fur- 
ther smoothing did not reveal any extra large-scale emission. For 
a 1 Mpc extended source, the 3o" upper limit at 325 MHz was cal- 



culated to be 13 mjy (3 x (rms noise) ■J source area /beam area). The 
higher resolution image provided a similar limit. As a further test of 
our analysis and flux limit, we inserted simulated radio halos, mod- 
elled by a Gaussian with a FWHM of 500 kpc, into the u-v data an d 
found that halos > 15 mJy were detectable (eg. lVenturi et al.l2008l) . 
Using a conservative estimate of the spectral index of a = — 1 , we 
calculate a corresponding upper limit of 3 mjy at 1 .4 GHz. 



4 DISCUSSION 

We present the suiprising result that our GMRT observation at 
325 MHz did not show evidence for any extended radio emis- 
sion associated with either shock front in the merging cluster 
Abell 2146. A deep Chandra observation confirms the strong dy- 
namical disruption to the cluster cores and the presence of two 
shock fronts, each several hundred kpc across and with Mach 
numbers of 2.1 ±0.2 and 1.6 ±0.1. Observational results have 
so far suggested a strong connection between merging clusters 
hosting shock fronts and extended radio emission in the form of 
relics or ha l os (eg . iGiovannini et alj 19991: Govoni et al. |2001e ; 
Feretti et al l 12004: IVenturi et al.l 120071: iGiacintucci et al j kdol ; 
Markevitcrj|2O10l : Ivan Weeren et al.ll2009l I2010L I20TTI) . We there- 
fore consider possible explanations for the lack of extended radio 
emission in Abell 2146. 



4.1 No radio relics 

All other X-ray dete cted merger shock fronts, including thos e 
in the Bul let cluster dLiang etM |20QO|: iMarkevitch et all l2002h . 
Abell 520 dGoyoni et al.l2001bl:lMarkevitch et alj2005h Abel l 754 
dKassim et alj|200ll: iBacchi et alj|2003l : iMacario et alj|201 ll) and 
Abell 2744 dGovoni et alj|2001 at) , and shock front candidates are 
spat ially coincident w ith radio relics or the edges of radio halos 
(eg. iMarkevitcrj feoiO). The two shock fronts in Abell 2146 have 
comparable Mach numbers to the other cluste rs with detected radio 
relics or edges, such as Abell 754 M = 1.6 dMacario et al.ll201lh 
and Abell 520 M = 2.1 dMarkevitch et alj|2005h . The lack of ra- 
dio emission coincident with the shocks is a surprising result and 
indicates that other factors can determine the production of radio 
relics. 

Direct acceleration of cosmic rays by th ese weak shock fronts 
is expected to be an in efficient process (eg. iGabici & Blasill2003l : 
Hoeft & Briiggen 2007). Therefore the observations support a sce- 
nario where the weak merger shocks are reac celerating a pre- 
existing population of relati vistic electrons (eg. Ma rkevitch et al.1 
bOOSl jGiacintucc i et al.l2008h or, alternatively, re-energising a pop- 
ulation of relativistic electrons trapped in a fossil radio bubble 
(EnBlin & Gopal-Krishna 2001). Over the lifetime of a cluster, 
there will generally have been a large number of possible sources 
of these electrons, such as accretion shocks, supernovae and AGN. 
The pre-existing electron po pulation could also have accumulated 
from previous mergers (eg. ISarazinl ll999) or been generated by 
collisions between thermal protons and lo ng-lived cosmic rays 
dDennisonlll980l : iBlasi & Colafrancescoll 19991) . 

Abell 2146 does not appear to be particularly atypical com- 
pared to the galaxy clusters with detected radio relics. The global 
ICM temperature, T = 6.75 ± 0.06 keV, and luminosity, Lx = 
6.60 ± 0.02 x 10 44 erg s -1 (0. 1 - 2.4 keV), indicate a substantial 
galaxy cluster which is likely to have experienced significant ac- 
cretion and previous merger shocks during its assembly. Radio-loud 
AGN have been found generally to be common in cluster galaxies 
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(eg. iBest etalJ koOS). Our observations of Abell 2146 also con- 
firm the detection of two radio point sources, each associated with 
a cluster galaxy. The SE radio source (Fig. Q] right) is located in 
the subcluster BCG and coincides with a hard X-ray point source, 
which suggests it is likely to be AGN. Although there are no visi- 
ble substructures or cavities in the Chandra observations indicating 
current AGN activity, the subcluster hosts a strong cool core where 
the gas temperature drops down to ~ 1 keV. Earlier episodes of 
AGN feedback could have produced radio bubbles to regulate this 
cooling. X-ray spectral fitting also shows that the IC M has been 
signifi cantly metal-enriched by supernova activity dRussell et al.l 
120101) . Abell 2146 appears to contain sufficient sources for pro- 
ducing a pre-existing electron population. 



4.2 No radio halo 

Large radio halos are f ound exclusively in disturbe d and potentially 
merging clusters (eg. iFeretti & Giovanninlll2008l) . Strong correla- 
tions exist between the radio power of halos a nd the X-ray luminos- 
ity and temperature of their host clusters (eg . IColafrancescoll 19991; 
Liang et al. 200G; Kempner & Sarazin 2001 1: [ Enfilin & Rottgerind 
2002; Cassano et al. 2006; Giovannini et al„ 2009). Recent surveys 
with the GMRT have found a bi-modal behaviour where radio- 
halo clusters and cluste rs without radio halos are separated in the 
^radio ~Lx plane (Fig.lH lBrunetti et al.l2007l) . lBrunetti et al.U2009h 
argue that this bi-modal distribution suggests an evolutionary cycle 
where clusters that are undergoing mergers host radio halos for a 
period of time. Later, the clusters become dynamically relaxed and 
the relativistic particles cool, producing the observed upper limits. 
Fig. H] shows the 3o~ upper limit on extended radio emission for 
Abell 2146 overplotted on the Pi^ghz — correlation. This up- 
per limit on Abell 2146 is significantly below the expected radio 
power predicted by the observed correlation for merging systems. 

The absence of a radio halo in Abell 2146 could be related 
to the low cluster mass relativ e to the majority of the clusters in 
the G MRT radio halo sample JVenturi et al] 120071; iBrunetti et all 
2009). Observations have found that radio halos are more com- 
mon in clusters with higher X-ray luminosity and temperature , 
which both trace the mass (eg. iGiovannini et a l.ll999HBuotel200ll ; 
ICassano et a l. 2006, 20Ql). The energy available to accelerate rel- 
ativistic particles during a merger is a fraction of the gravitational 
potential energy that is released. Collisions between more massive 
galaxy clusters are therefore more likely to produce radio halos. 
The X-ray luminosity and temperature, both relating to the clus- 
ter mass, will also vary over the merger timescale. Simulations of 
cluster mergers show that the shocks and compression produced 
during core passage ca n temporarily boost the X-ray luminosity b y 
a factor of a few (eg. iRicker & Sarazinll200ll; IPoole et al.ll2007l) . 
This bias will affect all the merging systems in Fig.|2]to some de- 
gree but has the greatest impact on systems that are closest to core 
passage, such as Abell 2146. For a head-on collision between two 
subclusters with mass ratio of 3:1 observed only ~ 0.1 —0.2 Gyr 
after core passage, the boosts to the temperature and bolometric X- 
ray luminosity co uld produce an in crease of a factor of ~ 2 — 3 in 
the observed Lx dPoole et al.|[2007h . If we 'correct' for this factor, 
the upper limit for Abell 2146 in Fig. |2]is then approximately con- 
sistent with the observed P m dio ~ correlation. However, after the 
maximum around core passage, this boost to the X-ray luminosity 
decays rapidly. For Abell 2146, the time since core passage has 
likely been underestimated (section [2} and therefore the estimated 
factor of ~ 2 — 3 is an upper limit. More accurate measurements of 
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Figure 2. The 1 .4 GHz radio halo power plotted against the cluster X-ray 
luminosity in the en ergy band 0.1 — 2.4 k eV. The data points and best fit 
dashed line are from IBrunetti et all d2009h . The calculated 3o~ upper limit 
for Abell 2146 from this work is overplotted. Other clusters with X-ray 
detected shock fronts are labelled. 

the mass of Abell 2146 will be provided by weak-lensing results 
using Subaru Suprime-Cam observations (King et al. in prep). 

Using the GMR T radio halo survey dVenturi et ail 120071) . 
ICassano et al. (2010b) confirmed that radio halos are located pref- 
erentially in dynamically disturbed clusters and identified several 
clusters with a disturbed X-ray morphology but no radio halo. 
These 'outliers' have a relatively low X-ray luminosity Lx < 8 x 
10 44 erg s _1 , similar to Abell 2146, or are at a relatively higher red- 
shift, which implies stronger inverse-Compton losses. The turbu- 
lent reacceleration model for radio halo formation predicts the exis- 
tence of very steep spectrum halos with a spectral cutoff frequency 
that is dependent on the fraction of the turbulent energy chan- 
nell ed into electron reacceleration and there fore the cluster mass 
(eg. lCassano et al . 2006i; lBrunetti et al.l2 008). Lower frequency ob- 
servations, with LOFAR for example, could detect radio halos gen- 
erated in lower mass mergers, such as these 'outlier' c lusters or 
Abell 2146 (eg. lCassano et alj2010al ; IVenturi et al.l201lh . 



5 CONCLUSIONS 

The deep 400 ks Chandra observation of Abell 2146 reveals a ma- 
jor merging event with two shock fronts detected in the X-ray. The 
bow shock, located ahead of the subcluster core, can now be traced 
to over ~ 500 kpc in length and has a Mach number M = 2. 1 ± 0.2. 
This cluster also contains the first known example of an upstream 
cluster merger shock front, which we determine has a Mach number 
M= 1.6 ±0.1. Using a new GMRT radio observation at 325 MHz, 
we found no evidence for extended radio emission such as a radio 
relic associated with either shock or a large radio halo in the merg- 
ing cluster Abell 2146. The absence of radio relics coincident with 
the shock fronts is a surprising result. All other clusters with unam- 
biguous X-ray detected shock fronts, including the Bullet cluster, 
Abell 520, Abell 754 and Abell 2744, and clusters with likely shock 
front candidates have radio relics or radio halo edges. We have con- 
sidered several possible factors which could affect the formation of 
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radio relics, including the shock strength and the presence of a pre- 
existing electron population, but do not find a favourable explana- 
tion. The lack of an extended radio halo in Abell 2146 is likely due 
to the low cluster mass relative to the majority of merging galaxy 
clusters wit h detected radio halos. Using the GMRT radio halo clus- 
ter sample, ICassano et al, I J2010bh identified several clusters with 
a disturbed X-ray morphology but no radio halo. The majority of 
these clusters have a relatively low X-ray luminosity and therefore 
low mass, similar to Abell 2146. Lower frequency observations, 
with LOFAR for example, could in the future detect radio halos 
generated in lower mass mergers like Abell 2146, which should 
have ultra-steep radio spectra. 
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